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ABSTRACT

Noise measurements were made on one silicon and three germaniurm com-
mercially available tunnel diodes over a bias range from zero voltage to a
voltage slightly beyond the valley point, and at three temperatures--203 K,
290 K, and 373 K. The study was divided into two parts, cne concerned with
frequency-dependent noise and the other with frequency-independent noise.

Frequency-dependent noise was measured in the range 1 kc to 500 kc, and
was found to increase with increasing bias voltage for each sample. The
observed noise at each bias point varied nearly inversely as the frequency
to some power x, where x ranged from 0.46 to 1.2. This component of
noise appears to be caused by two or more separate components of the
""'excess current'' present, as well as the normal diode component of cur-
rent. For some tunnel diodes at the higher bias voltages, frequency-
dependent noise may be greater than the normal shot noise at frequencies
as high as 50 Mc.

Frequency-independent noise was measured at 30 Mc at room s mperature.
It was found that the equivalent shot-noise current of a tunnel dioue at volt-
ages above the peak-point voltage is given very closely by the observed
direct current. From zero voltage to the peak-point voltage, the equivalent
shot-noise current of a tunnel diode is approximated by the sum of the
magnitudes of the Esaki and Zener currents.
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CHAPTER 1

INTRODUCTION AND SUMMARY OF RESULTS

A. OBJECT OF THE STUDY

In order to determine whcther the tunnel diode will be useful in low-
noise preamplifiers, frequency converters and mixers, more complete infor-
mation than is available in the literature is required on the noise sources
present in the device. _ ‘

The object of the present work is to measure the intensity of the equiv-
alent shunt noise-current generator for a number of commercially available
tunnel diodes over a wide range of bias, frequency, and temperature, and

to interpret the results in terms of noise sources present in the diodes.

B. MEASURED NOISE IN SOME TUNNEL DIODES

Measurements were made on four cunncl diodes: one Hoffman silicon
tunnel diode, Type 1N2929, of 1-ma peak current, and three General Electric
germanium tunnel diodes, Types 1N2939, 1N2969, and 1N2941, of 1-, 2.2-,
and 4. -ma peak currents, respectively. These four were chosen in an
effort to obtain a reasonable sample of commercially available tunnel diodes.

The measurements were made at three temperatures, 203 K, 290 K,
and 373 K, and covered a frequency range from 1 kc to 500 kc. Noise was
also measured at 30 Mc at room temperature. The bias range of interest
extended from zero voltage to voltages slightly beyond the valley voltage.

The more important results of the study are as follows.

1. Frequency-Dependent Noise

At low frequencies, considerable l/f noise was found to be present
in all four diodes. Figure la shows the d-c characteristic and Figs. lb

and lc illustrate the magnitude of the noise measured in the 2.2-ma
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germanium sample at room temperature, 290 K. The equivalent shot-noise
current qu represents the direct current in an eniission-saturated diode
generating a shot noise current equal to the observed noise current, where

qu is defined by the equation

i7 = 2ququ (1)

In eq. 1, is is the mean-square noise-current generator in shunt with the
tunnel diode at the frequency, temperature, and bias of the measurement,
q is the electronic charge, and Af is the bandwidth of the noise measured.

From Fig. lb it can be seen that lowfrequency noise in tunnel diodes
increases rapidly with increasing bias voltages, and Fig. lc indicates that
the noise varies roughly in proportion to 1/f. At the higher bias voltages,
the noise may be so large that a frequency dependent component may be
present that is greater than the normal shot-noise component to frequencies
as high as 50 Mc. '

Figure 2 shows l-kc noise in all four diodes, and also in a second
sample of the 2. 2-ma diode Type 1N2969, as a function of forward current,
and suggests that no general statements can be made about the magnitude
of low-frequency noise to be expected from a diode of given peak-current
rating. In addition, the noise does not vary directly as the square of the
forward current, indicating that more than one source is responsible for
the observed noise. '

The approximate 1/f frequency variation indicated in Fig. lc is not
characteristic of all the diodes. However, at a particular bias voltage,
the low-frequency noise in all samples was found to vary nearly inversely
as the frequency to some power x. The value of x varies over a considerable
range with bias voltage and temperature. Values as low as 0.46 and as
high as 1. 2 were noted.

In the work of Yajima and Esaki, 1 it was suggested that two low-
frequency noise-current generators were present in the tunnel diode, one

proportional to the square of the normal diode current component, and one

1 Superscripts refer to numbered items in the Bibliography.
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proportional to the square of the ''excess'' current component. The results
of the present study suggest that this statement may be an oversimplification.
The variation of the factor x as described above, and the variation of the

1/f noise with bias in the excess-current region indicate that two or more
separate components of the excess current, as well as the diode current
component, contribute to the observed noise. This observation in turn sug-
gests that the excess current itself may be caused by more than one

physical phenomen

2. Frequency-Independent Noise

At high frequencies, the 1/f noise becomes negligible and the pre-
dominant noise-current source in tunnel diodes is the shot effect. Measure-
ments by Tiemannz have shown that at high frequencies and in the negative-
resistance region tunnel diodes produce full shot noise; that is, Ie is equal
to the direct current at the bias point. It is supposed that this result can be

extended to other bias regions if the negative Zener current I, is sep-

arated from the positive Esaki, excess, and diode current components, IE’
Iex’ and Id respectiv~ly. Thus, if
Lic " gt It - Iz (2)
is the diode direct current, it is supposed that
Lq gt lx t Lyt 1z (3)

Measurements made at 30 Mc and 290 K indicate that, for all four

tunnel-diode samples, Eq. 3 is an excellent approximation. An example



of the agreement obtained is shown by data for the l-ma germanium diode,
Type 1N2939, plotted in Fig. 3. The small circles represent experimental

values of qu and the solid line is a plot of Eq. 3 obtained from the direct
' *
current values and values of I, calculated by a method given by Pucel. 3

The dashed line representing I is added for comparison.
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Fig. 3 Comparison of Calculated and Measured Equivalent Shot - Noise Current
at 30 Mc and 290 K for 1-ma Ge Tunnel Diode Type 1N2939

*
A description of the method is given in Chapter III.



CHAPTER II

MEASUREMENT PROCEDURE

A. LOW-FREQUENCY NOISE MEASUREMENTS

The equivalent noise-current generator in shunt with a tunnel diode
can be determined indirectly by connecting the diode as a low-gain amplifier
and measuring its noise figure. The circuit diagram for noise measurements
between 1 kc and 500 kc is shown in Fig. 4.

The experimental procedure is as follows: With the tuinnel diode on-
nected as shown, and the conductance G set at some convenient value G1
which prevents the circuit from oscillating, note the voltage V, indicated

on the true-rms voltmeter. Connect the signal generator to the circuit,

POLARAD MODEL N-i

NERAL RADIO
PRECISION NOISE GE

TYPE NO. 1210B UNIT

GENERATOR R-C OSCILLATOR
(Gy)
TUNNEL DIODE ~ -~-]-~ E.S.L. BUILT
OSCILLATION— | ; G.R. DECADE TRANSISTOR N?g&l-mg“;go
DAMPING MOUNT ! | 'OKg G2 RESISTANGE | VIDEOQ AMPLIFIER vy
FROM TEXAS INST. | BOX TYPE GAIN & 100 db eee| . VOLTMETER
MODEL 530 13 , TUNNEL NO.1432-K | NOISE FIGURE x 6db | ETET €T
L Do (DIODE e ‘ PARALLEL TUNED
Lo_]-a = = CIRCUITS: IKC, 2KC,
BIAS 5KG, I0KG,-+,500KC
SUPPLY I0<LOADED Q<100

Fig. 4 Circuit for Low- Frequency Noise Measurements

and set its output to some convenient value well above the noise. Remove
the tunnel diode and adjust the conductance G to some value C‘v2 for which
the voltmeter reading is the same as it was before. This procedure assures
that the impedance seen by the amplifier at its input is the same as it was
for the first measurement. With the signal generator disconnected, note the

voltage V, of the voltmeter and measure the noise figure, F,, of the

7



circuit. The internal conductance of the noise generator is G0 for both
measurements. —

From the two measurements, the equivalent noise generator ig in
parallel with the tunnel diode in a narrow bandwidth Af at the frequency,
temperature, and bias of the measurement can be calculated. Figures 5
and 6 are the equivalent circuits of the amplifier input for the first and second

measurements respectively. In the figures, Gd is the small-signal conductance
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Fig. 5 Noise Equivalent Circuit at Input of Video Amplifier
with Tunnel Diode Connected
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VIDEO AMPLIFIER

Fig. 6 Noise Equivalent Circuit at Input of Video smplifier
with Tunnel Diode Removed

of the tunnel diode at the bias voltage of the measurement, G;,, is the input

conductance of the amplifier, and ié , ié , and i2 are the mean-

0 1 G,
square thermal-noise currents associated with the conductances GO , Gl s

£

and G, respectively. Thus

iG = 4 kT &f G, (4)
0

17 = 4 kT Af G (5)

G, 1 \



ié = 4kT AL G, (6)
2

where k is Boltzmann's constant, and T is the absolute temperature of
the conductances (290 K for all measurements). The amplifier noise is

represented by an equivalent noise-current generator at its input terminals

.2
of mmean-square value e

For the fir st measurement,

2 2 .2 Z
. . . c.
vV (1d+1G + i + i) (7)

where Cl is some constant dependent on the amplifier gain and the total

admittance at the amplifier‘é input. - For the second measurement

2 .2 2 L2
vV, = (lG2 tig ot 1éx) C,y (8)
0
12 + i2 + 12
GZ GO ex
FZ = — (9)
iZ
GO

and the values of C1 and iex are unaltered because the method of setting

'GZ assures that the total input admittance is not changed.
and 8,

From Egs. 7

2. . 2 2
iS+His 412 41T = (__) <i o | ) (10)
d GO Gl ex v GZ GO ex

v G G
2 1 2 1
il = 4 KT af GO{ (‘\T') S 5 A A (11)
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If qu is defined as the equivalent shot-noise current of the tunnel diode

given by
2
iy = Zquq Af (12)
Equation 11 becomes — ,~
2kT G A% 2 G G
0 1 2 1
_ (v) 1] 7yt 2= - -
eq q vV, 2 G, GO
v, G, G
R 50 G (——) Al P, =% - — L ma (13)
0 v, 2 Gy GO

Equciioer 13 holds regardless of the tunnel-diods temperature.

Measu;‘ements were made at dry-ice temperature, 203 K, room tem-
perature, 290 K, and 373 K. To maintain the diodes at dry-ice temperature,
the samples and their mount were placed with some dry ice in a flask of
alcohol. A temperature-controlled oven was used for noise measurements
of the samples at 373 K.

The oscillation-damping mount used for the tunnel diodes was taken
from a Texas Instruments Model 530 Tunnel Diode Curve Tracer. It con-
sists of a series resistance and capacitance placed directly across the tunnel
diode terminals. The value of the capacitanceé is such that even at the
highest frequency of measurement, 500 kc, its impedance is high enough

to make the effect of the mount on the noise measurements negligible.

B. HIGH-FREQUENCY NOISE MEASUREMENTS

The equivalent noise-current generator in shunt with the tunnel diodes
was measured at 30 Mc by a similar method to that used at low frequencies.

The circuit diagram is shown in Fig. 7.
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POLARAD MODEL N-I JACKSON MODEL. 641
PREGISION NOISE UNIVERSAL
GENERATOR SIGNAL GENERATOR
(G,)
T T
L 600puur 300K
— j—t
I 30 MG RADAR I-F
N MOD
30 MG brNNEL 22n l AMPLIFIER: NOISE Boogr& HODEL
TUNED CIRCUIT L \DIODE G Y CALIBRATED FIGURE = 8db, VOLTMETER
LOADED Q<5 . a50F ¢ OTENTIOMETER | BANDWIDTH = SMC, TRUE-RMS
! P GAIN 2 (00db
N S| (t A e .—!
D-C BLOCKING - )
CAPACITOR

"Fig. 7 Circuit for 30-Mc Noise Measurements

The procedure of measurement at 30 Mc is the same as that at low
frequencies, except that the tuned circuit must be retuned before each
measurement to correct for the effect of tunnel-diode capacitance. The
equivalent shot-noise current is again given by Eq. 13.

Measurements were made only at room temperature because oscillation
of the tunnel-diode circuit was caused by the long connecting cable required
between the noise-measuring equipment and the temperature-controlling
equipment. The oscillation~damping network shown in Fig. 7 consists of a
series resistance of 22 ohms and a variable capacitor of 7 to 45 mmf placed
directly across the diode terminals. The method of calculating the values
required was that of Davidsohn et al. 4 The value of capacitance must be
such that the noise contribution to the circuit of the 22-ohm resistor is
negligible with respect to that of the diode at 30 Mc. For this reason, a
much smaller value of capacitance than that used for the low-frequency
measurements was required. This resulted in insufficient damping when

long connecting cables were used, and the diodes oscillated.

C. DISCUSSION OF ERRORS

The method of noise measurement employed has the advantage of
tending to reduce the effect of inaccuracies in some of the measuring equip-

ment. Consider Eq. 13 rewritten in a slightly different manner.
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2
v, n
- 50 (__2-) -1'| F, Gy + 50 G, - 50 G, ma. (14)

The accuracy of Ie is to a large part determined by the accuracy of
the factor (VI/VZ)Z -1 . The ratio Vl/VZ may be more accurate than
either Vv, or V, taken alpne if some of the error in V| appears propor-
tionally in V,. For best accuracy, the ratio VI/VZ must be much greater
than unity. But VI/VZ can be large only if the product GyF, is small.
Thus, an amplifier with as low a noise figure as possible and a value of GO
as small as possible (consistent with low over-all noise figure) should be
used., .

The value of qu can also be determined by measuring the over-all
system noise figure F, instead of V, in the first step of the measure-

ment. ‘The equivalent noise current qu is then given by

G, G

However, the many more operation. associated with measuring F, and F

rather than V., VZ’ and F2 makes this method more time consuming.
P

2

Also, the upper limit on F, of 20 db set by the noise generator restricts
the range of qu » and the fact that the true-rms voltmeter is more accurately
calibrated than the noise generator makes the error of the measurement
associated with Eq. 14 smaller than that of the measurement associated
with Eq. 15. ‘

Any small stray reactance present in the circuit, if it is the same for
the measurement of Vl as for that of Vs, will appear chiefly in the value

of C, in Egs. 7 and 8. Thus, its effect on the accuracy of qu is minimized.




CHAPTER III

DISCUSSION OF RESULTS

A. TUNNEL-DIODE CURRENT MECHANISMS

Figure 8 shows a typical current-voltage characteristic of a tunnel
diode. A knowledge of the carrier-transport phenomena that combine to
form the observed characteristic is required if the experimental ncise data
are to be interpreted in terms of noise sources within the device.

In the large-forward-voltage range, the observed curve is due to
electron and hole diffusion in the forward direction, and drift currents in
the reverse direction. This component of current, Id’ can be determined
by accurately measuring current and voltage in the tunnel diode at high for-

ward voltage, and applying the usual diode current-voltage rela.ttion1

Y [qu/kT-l] (1é>

where g is the electronic charge, k is Boltzmann's constant, T is the
absolute temperature, Is is a cons*ant, and V is the barrier voltage.
The voltage drop in the diode spreading resistance must be subtracted from

the measured voltage to obtain V.

OBSERVED CURRENT
ESAKI

CURRENT | / A
COMPONENT DIODE GURRENT
/ EXGESS GOMPONENT
\ CURRENT
/I COMPONENT Tye1s[e™" 1]
y ,
J/
Cd 3 g - + S -
ol ,~ ol 0.2 0.3 04 o vivoLrs!

Il\ ZENER CURRENT
'l COMPONENT

Fig. 8 Typical Tunnel-Diode Y -| Characteristics
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Large current in the reverse direction and a current peak in the for-
‘ward direction can be attributed® to the forward-directed Esaki current IE
and the reverse-directed Zener current I,. The magnitudes of these two

currents have not been accurately predicte%l by present theory. However,
between zero voltage and the voltage at the peak current, the two components
can be calculated from the observed d-c characteristic quite closely by
using a method suggested by Pucel. 3 I I is the observed current, then the

Esaki and Zener current components at some voltage V are given by

I = L (17)

1.0 aV/KT

I, = —— 1t (18)

qu/kT_1

N

This method is not applicable at bias voltages above approxirmately the peak-
point voltage because the current then contains components in addition to
IE and IZ .

If a parabolic band structure is assumed for the tunnel diode, IE and

IZ can be predicted, but a d«< characteristic obtained using these values
does not agree with observed values of total current. The difference
between the observed current and the algebraic sum of the calculated Esaki,
Zener and diode current components has been called the excess current,

Iex , and is generally believed to be due to carrier tunneling to intermediate
states followed by recombiration. This excess-current component, along
with the diode component, are thought to be almost entirely responsible for

1/f noise in the device. 1

B. 1/f NOISE IN TUNNEL DIODES

In 1958, as a method of learning more about the excess-current region
of the tunnel-diode current-voltage characteristic, an experimental study of

co . . .1
excess noise in the device was made by Yajima and Esaki. It was found
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that a 1/f noise spectrum existed which appeared to be proportional to the
excess current.

Figures 9 through 18 show the noise observed in the tunnel diode
samples at low frequencies. Figures 9 through 16 are plots of observed
noise versus frequency and observed noise versus bias voltage for each
of the Type 1N2929, 1N2939, 1N9241, and 1N2969 samples at temperatures
cf 203 K, 290 K, and 373 K. Figure 17 shows the variation of observed
noise with frequency and bias voltage for a second sample of the Type 1N2969
2.2-ma tunnel diode at room temperature. Figure 18 shows the variation
of observed 1-kc noise with forward current for each of the four samples at
the three temperatures 203 K, 290 K, and 373 K. The d-c characteristics
for the four samples' at the three temperatures are given by Figs. 19, 20,
21, and 22.

Ya.jima.1 assumed that there are two 1/f noise-current generators
present in tunnel diodes, one proportional to the square of the diode-current
component and one proportional to the square of the excess-current com-

ponent. On this assumption, the following approximate equation can be written

2 2
I K, I
- lf d n Zf ex (19)

where K, and K‘2 are constants, and f is the frequency of the noise.

An attempt to fit Eq. 19 to the measured data yields widely different
values of Kl and K2 for the different diodes. In fact, variation of K1
and K, is needed even from region to region of a single diode. However,
it can l;e said in general that K2 is much greater than K1 . The magnitude
of the excess noise at any particular bias point was found to be nearly
inversely proportional to its frequency to some power x. The value of x
varied from 0.46 to 1. 2, andwas in general large at the higher bias voltages.

These observations seem to suggest that Eq. 19 is not correct.
Instead, it seems reasonable to suppose that the excess current is made up
of a number of components which produce excess noise inversely proportional

to different powers of frequency and at different.intensities. Since the
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magnitude of the excess current is known to be relatively independent of
temperature, 1 it seems necessary to assume that the noise associated
with the different components of excess current are temperature dependent
in different ways.

In general, the following statements can be made about excess noise
in tunnel diodes :

1. 1/f noise is greatest for most tunnel diodes at the higher bias
voltages.

2. At bias voltages near the valley voltage and higher, the 1/f
noise may predominate at frequencies as high as 50 Mc.
Measurements by Van der Ziel5 indicated that there are irregularities
at low frequencies in the noise spectra of some tunnel diodes. No such

irregularities were noted for the four samples studied.

C. SHOT NOISE IN TUNNEL DIODES

Measurements were made of the equivalent noise-current generator
in parallel with four tunnel-diode samples at 30 Mc and 290 K. It was as-
sumed that all noise measured at this frequency was frequency independent,
and that the thermal noise due to the spreading resistance of the diode was
negligible compared to the shot noise over the bias range of interest. The
latter assumption is valid at frequencies well below the resistive cut-off
frequency of the tunnel diode as long as the ratio of minimum negative resist-
ance to spreading resistance is much greater than one. Foxr the Type 1N2941
4.7-ma diode, this ratio is 55:1, so that the error introduced by this assump-
tion is less than two percent. For the other diodes, the error is consid-
erably less.

The current components IE and IZ were calculated for each diode.
by Pucel's method, and, following Tiemann,~ it was assumed that the
equivalent shot-noise current of the diode should be given by Eq. 3.

Figures 23 through 26 show the measured shot-noise equivalent current for
the four samples compared to the value of qu obtained from Eq. 3, the

sum of IE’ IZ’ Iex’ and Id'
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For all diodes, the measured shot-noise equivalent current agrees
very closely with Eq. 3. Such small differences as exist could be caused
by the following:

l. Some 1/f noise may be present,

2. At higher bias voltages, the larger junction capacitance makes

accurate measurement of noise difficult. The high measured

values of qu at the highest bias voltages may thus be in error.

3. In the positive-resistance regions, the increased value of FZ
tends to decrease the accuracy of the measurements.
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two or more -Gﬂw.,,:ﬁwwm ~gmponents of the 'excess current'' present, as well as the
normal diode comufsrent of current. For some tunnel diodes at the higher bias
voltages, frequen:ff -dependent noise < be greater than the normal shot noise
at frequencics as 1 -1 as 50 Mc.

Frequency-indeperfll icut noise was measared at 30 Mc at room temperature. It
was found that the fecisivalent shot-noise current of a tunnel diode at voltages
above the peak-po x. voltage is givin verv closely by the observed direct current.
From sero voltag: o the peak-point volt:ze, the equivalent shot-noise current of
a tunnel diode ix =: [ proximated by the sur. of the magnitudes of the Esaki and
Zenper currents, &7

two or more separate componente of tls ‘excess current” present, as weil ar the
normal diode comjonzrt of currernt. I'sr sarae tunnel diodes at the higher bisa
voltages,’ frequency-de:en'>nt noise may be greater than the norral shot noise

at frequencics as high as 50 Mec.

Frequency-independent no.ie wasz meazured at 30 Mc at room temperature. It
was found that the equivalent shot-nais: cursemt of a tunnel diode at voltages
above ihe peak--zizl iniuage is given very closely by the observed direct current.
FIdan xero voitage to the peak-point voltage, the equivalent shot-noise current of
a tunnel diode is apnroximated by the sum of the magnitudes of the Esaki and
Zener currerts.

two or more separate components of the "'excess current' present, as well as the
normal diode component of current. For some tunnel diodes at the higher bias
voltages, frequency-dependent noise may be greater than the normal shot noise
at frequencies as high as 50 Mc. .
Frequency-independent noise was measured at 30 Mc at room temperature. It
was found that the equivalent shot-naise current of a tunnel diode at voltages
above the peak-point voltage is given very closely by the observed direct current.
From zero voltage to the peak-point voitage, the equivalent shot-noise current of
a tunnel diode is approximated by the sum of the magnitudes of the Esaki and
Zener currents.

two or more separate components of the ''excess current' present, as well as the
normal diode component of current. For some tunnel diodes at the higher bias
voltages, frequency-dependent noise n:ay be greater than the normal shot noise
at frequencies as high as 50 Mc.

Frequency-independent noise was measured at 30 Mc at room temperature. It
was found that the equivalent shot-noise current of a tunnel diode at voltages
above the peak-point voltage is giveh very closely by the observed direct current.
From: zero voltage to the peak-point voltage, the equivalent shot-noise current of
a tunnel diode is approximated by the sum of the magnitudes of the Esaki and
Zener currents.



QEAIALISSVITN

TILALSSYIDHNN

{1940)

ie posnes +q 03 sxwadde astou jo juduscdwiod STIL ']
o3 9% p oz’ paBues x wxvym ‘x zamod suros of Aouand
~zz; oY1 se A[aszaaur L{Ivou potrea JuUIDd SR DS ¢
agtce pearosqo ayy sidwres yows roy oFeiioA seiq hitaid
3 v Jlm SEWIIDUY ©F PUNOT §8A PUB 'Y (0§ ©3 5 1

9, "I DRINFLOULI $EM IFTOU juspusdaen- fousnbazy

rar1ou Juspuedepur-LousndIxy QI AWUIG S PAR IBTOUW
Juap ~adep-Aousnbal] yium poussrucs 2uo ‘sired cay
231 P9 AP s ApTas 991, W TLE PUE W 06T "M t0T
- -serayeasduras 931y; v pue ‘jneod A57ies Y5 pUOASG
>2wejr0A ® 03 39wyi0A O30z wviy SFU%: ST ¥ IvsC
v, uny srqeIIEAR AprRIdIsurmed watuswmisd 5243
DIP UODI[IP PUS TO AP 3I15M BINSWARANE R SITON

'

jIodaa pINJIEseIUn :
grr-g-r1sy 3xodey (gpgL WS Ivslor ITIN “#iwn
%5 L 68%G-{915)eE~JV MAWOD) CENIT poul
“1r ol &nr  Cpuntdaag N 7D Aq STACIA {ANIINT

NI ZSION J0 NOILVDILSTANI TVINGININIGES HY

epzesnyc TRy “4¢ e@prLguiesn

. A3orouyoey, T0 IIRITISUT §PITNYITLITIN
A10jccqesT SWIIRAG UV INAH

av

aqATAIZSVTONNO
AFIIISSYTOMNG

TALAISSV TN

CALIISSVTIOND

- ha

(z94a0)

£s posned aqg o3 savodde ostou jo JuduCcdWes B T
©3 9% "p woay pafues x exaym 'x asmod 9ruos 03 Louarb
933 543 9% AJPSIDAUL A[IWDU PILIA 1470d $eIG YIEI j¥
35100 pIAIGSQC 9y -ordwes yows ic; I3Tei(os swrq A
~BEIIDUT YA SFWIIOUT 01 PUNOY S®M DU% '3% NS 03 0N |
23U®I 3Y3 UT PAINSESLW SBM I8I0U JUIPUAITIP- isuvrboxy

‘astou juapusdapur-Adousnbaay Yirm 1oYI0 43 SUT s
juspuadap-Laucnbaiy qitm pruIIdN0d U0 ‘Plat’ -

3UT PIPLAIP s¥m ADPI¥ YL M £LF PU® Y gLl C.
--saanyeradwel 9a1ys v pue ‘Jured Ad((ws « Nam
Arugzs a8w3[0A w 03 28w3i(ca 0197 w0y Fuws ¥ .\\Wu.;o
TTPOTP (GUUN] IQEIRAR L[[#IDI2WWOd W - s.:m. LLZ B8}
TUT QODI[IP JUO U0 IPWLT 2IIm SIUD™" % 4, 4 agreny

L2
i

jacdax poytsssdun .-

S11-¥-rI5F 330doy (8¥R' "~ - ' afoxg LIIN ‘88906

ASEL ‘ 6835-{919)64 - IV " v _u0q ‘snp ‘pour -dzg

Tp51 Amp cpumiBaz 7 qen Ag sEQOIA TTANNNL
N JSION 40 MOIL™ 4y ANI TVININIEIIXT NV
.. enesnPORes®IY ‘6f afpraquuen

»7 7 ouYdaL JO IINFIIEUI 833SNYIWEI TN

- Azojwaoqe; swishg DTUOIIDFT
o av

¥ ol

JHAIIISSVIONG

N {xaac}

Aq pasnes aq 03 sxvodde asrou Jo yusuoduwrod syl ‘2°Y
01 9% "¢ woi} pIfuesr x arIym ‘x zamod awmios 03 Aduanb
-313 ay3 se A1esisaut A[Iwsu paryea jurod swiq YOU3 1w
260U P3AIINGO 3y g -Iidues Yous 107 2Bwi[oa seIg Buy
-#3930UT Yilx. IFEIIDUL OF PUNO] S Pt 2 ‘OX 00§ ©F 7N T
a28uex oy Uy PIINSTIW SR Istou Juapusdep-A>uanbasy

-as100 Juopuadaput-Aousnbaiy qam 13 SKI PUR @I -

uwopuadap-Lsouanbasy y3m peuissuod auo ‘syx 4
GIuy poptArp sem Apnie YL N £L€ PI® "M O . €62
--gaanyezadura; 22ays 3¢ pue ‘jured Ae(IeAS Luokaq
A735311e 93e3[0A ¢ 03 IBMIOA OI9T WO} ouw:n“,\., .a.w ® 1940
SSpOIp [PUUMy IqETIRAR %—30.-05:3.“«.%\“ T «ewzel asaqy
pu® uUOdINIE FUOC UO IPpWW ouoﬂﬂhﬁ LPINERIUL ISTON

o

jyrodax patjisserduf
STI-¥-18T oday LF7 ) ygq 19fo33 LI ‘88905
ARTL ‘68¥S-(9102 . . gy oeaguon) “enpy -pur ~dZg
1961 AWE = gxaq N 12€) AQ $TAOIT TANNAL
NI ASION,-#" JOILVYDILSTANI TVINANIYIIXT NV
L si39snyoessely ‘6¢ I3Bprrquen
e ASorouysa] jO 9INIFUI SISNYIESS LY
i >k°~.h°ﬂ.1~ IEOOI%“ JTUOXIIIH
(¢4 4

"~

(x94a0)

Aq posnes 3q 03 siwadde asiou Jo Jusuodwod sy Y
03 gy 'g woxy pafuea x @iaym ‘. Iamod awros oy L3uand
~347 2y} se A[esxaaur Aj1eau patiea juted §21q Yo €
2810u paazosqo ayy, -3rdwes ysea 1o} sBvrjea’swiq Juy
~8W2I5UI YILM 28WAIDOUT O} PUNO) S®m PLE ‘ay gpc 03 ¥ T
afuex Y3 UL PIINSEIW swWw d810U Juapusdep-A>uanboag

‘astou juapuadapur-Ad>usnbaay ynm xsyzo ayy pue agrou
juspuadap-Louanbsay yrm psuwizouod auc ‘syzed omg

oy POPIAIP sem Apnas Ay 2 £iC PUE N 062 "M €02
--sasnjexadwe; 2aayy 3¢ puz “rod Laryes ay3 puokaq
A138ie 9893104 ¥ 03 25#3[04 0197 wWoOIF 2BURL VI € IA0
£9U01p [PUUN] I[GEIRAT LiTerdidwwiod umruwizzal asayy
DUR WODITIE ¥UU UG JPRUL IIIM SJUWIINOTIW ISTON

TI6ARL patFIeseIIUN
ZU1-¥-T1ST 3xoday (8v8: wWSA I23f0xd IIN "8890S
Y8R ‘ 6g56-(919)€€ -V PEIWOY N[ pdur &g
*1961 Ammf- puniBrag ‘N 14%) 4q SIAOIA TTANNNL
1 ASION J0O NOILVDILSEANI TVINIWIYIIXT NV
snusugoIveswey ‘¢ I3BVpriquiey
ABorouys2y jO IINIIISUL $IIPSNYILAS TN
Li03rr0qu $Ishg DIU0IPITH
av.




two or more separate components of the ""excess current” present, as well as the
normal diode component of current. For some tunnel diodes at the higher bias
voltages, frequency-dependent noise may be greater than the normal shot noise
at frequencies as high as 50 Mc.

Frequency-independent noise was measured at 30 Mc at room tem >erature. It
was found that the equivalent shot-noise current of a turnel diode at voltages
above the peak-point voltage is given very closely by the observed direct current.
From zero voltage to the peak-point voltage, the squivalent shot-noise current of
a tunnel diode is approximated by the sum of the magnitu-ies of the Esaki and
Zener crtrents.

two or moaTe separate components of the '"excess current' present, as well as the
normal diode component of current. For some tunnel diodes at the higher bias
voltages, frequency-dependent noise.may be greater than the normal shot noise
at frequencies as high as 50 Mec.

Frequency-independent noise was measured at 30 Mc at room temperature. It
was found that the equivalent shot-noise current of a tunnel diode at voltages
above the peak-point voltage is given very closely by the observed direct current.
From zeroc voltage to the peak-point voltage, the equivalent shot-noise current of
a tunnel diode is approximated by the sum of the magnitudes of the Esaki and
Zener currents.

two or more separate components of the "excess current' present, as well as the
normal diode component of curirent. For some tunnel diodes at the higher bias
voltages, frequency-dependsntinoise may be greater than the normal shot noise
at freguencies as high as 50 Mc.

Frequency-independent noise was measured at 30 Mc at room temperature. It
was found that the equivalent shot-noise current of a tunnel diode at voltages
above the peak-point voltage is} given very closely by the observed direct current.
From zero voltage to the peak-point voltage, the equivalent shot-noise current of
a tunnel diode is approximated by the sum of the magnitudes of the Esaki and
Zener currents.

two or more separate components of the ""excess current” present, as well as the
normal diode component of current. For some tunnel diodes at the higher bias
voltages, frequency-dependent noide may he greater than the normal shot noise
at frequencies as high as 50 Mc.

Frequency-independent noise was measured at 30 Mc at room temperature. It
was found that the equivalent shot-noise current of a tunnel diode at voltages
above the peak-point voltage is given very closely by the observed direct current.
From zero voltage to the peak-point voltage, the equivalent shot-noise current of
a tunn=l diode is approximated by the sum of the magnitudes of the Esaki and
Zener currents.
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